Rechargeable lithium-ion batteries store energy as chemical energy in electrode materials during charge and can convert the chemical energy into electrical energy when needed. Tremendous attention has been paid to screen electroactive materials, to evaluate their structural integrity and cycling reversibility, and to improve the performance of electrode materials. This review discusses recent advances in performance enhancement of both anode and cathode through nanoengineering active materials and applying surface coatings, in order to effectively deal with the challenges such as large volume variation, instable interface, limited cyclability and rate capability. We also introduce and discuss briefly the diversity and new tendencies in finding alternative lithium storage materials, safe operation enabled in aqueous electrolytes, and configuring novel symmetric electrodes and lithium-based flow batteries.
Introduction
The commercial success of lithium-ion batteries (LIBs) since their initial invention in the 1990s has driven the technological revolution of our modern society. Broad applications, ranging from portable electronics, power tools to electric vehicles and stationary energy storage, have been achieved. Intensive technological development has been realized through the enrichment in knowledge of electrode materials, electrolyte chemistry, storage mechanisms (such as intercalation chemistry, conversion reactions, lithium storage based on cleavage/formation of covalent bonds in Li-O 2 and Li-S batteries), design and fabrication of nanostructured materials and coatings.
The materials chemistry related to the Li + intercalation phenomena was rst discovered in the late 1970s. separators have been recently reviewed by Blomgren. 4 Current LIBs market is still dominated by those inorganic cathode materials (such as layered oxides, spinels and polyanion-type olivines) developed several decades ago. 5 Great efforts have been devoted to reduce the cost and boost the performance of existing electrode materials. Our modern LIBs can hold more than twice as much as gravimetric energy density as those commercialized by Sony in 1991 and are ten time cheaper. 6 However, the critical performance factors for LIBs such as accessible capacity, energy density, power density and service life need to be further improved to facilitate their market penetration. For instance, the driving range of electric vehicles powered by LIBs today is still unsatisfying.
7
The specic capacity of electrode materials depends on the number of electrons that can be transferred per unit weight of the active materials. Numerous efforts have been made in the attempt to enhance the reversible capacity, including the development of multi-electron reaction materials, [8] [9] [10] [11] [12] [13] [14] [15] and novel battery systems such as new generations of Li-S, Li-air batteries. 16 Recently, oxygen anion redox reaction has been recognized in electrode materials, leading to an increase in the reversible capacity. 17 Compared to those classic insertion-type cathode and anode materials (mostly graphite-based), high capacity electrode materials are in general facing issues such as large volume change, insufficient coulombic efficiency (CE) and instable solid electrolyte interphase (SEI), leading to low rate capability, large polarization and limited cycle life.
Nanostructured electrodes have advantages such as reduced electron/Li + diffusion length, and can improve the structural stability, and stabilize the SEI through preventing the build-up of internal stresses. 18 In addition, nanosized particles also exhibit unique Li + storage mechanisms. [19] [20] [21] The present paper provides an overview for the recent developments of high capacity anode and cathode materials for Li-based rechargeable batteries through nanoengineering (Section 2), and signicant performance improvement by applying nanostructured surface coatings (Section 3).
To obtain low-cost applications, safe operation and exible systems, in Section 4, we discuss new trends in using metal-free electrode materials, novel electrolyte chemistry and new battery concepts and cell congurations for Li-based rechargeable batteries.
Nanostructured electrode materials
Due to the intrinsic low diffusivity of Li + in solid state materials, the lithiation rate is seriously limited in bulky materials. 22, 23 In contrast, nanomaterials, 24 which have reduced dimensions and thus short Li + transportation distances, enable high reaction rates as well as fast electron transfer rates, and can boost the power of LIBs. Moreover, nanomaterials with high surface areas allow a high Li + ux across the electrode/electrolyte interface.
Modication on chemical potential for Li + and e À for nanosized materials could also change the thermodynamics of electrode reactions and shi the electrode potential. However, nanosized materials inherit some drawbacks, such as low tap density, high reactivity towards the liquid medium during slurry preparation, and possible parasitic reactions with electrolytes. 25 This section focuses on recent advances and discusses bottlenecks in the applications of nanomaterials for Li-based rechargeable batteries, organized as: (2.1) Si-based anodes; (2.2) carbonbased anodes; (2.3) lithium transition metal oxide-based cathodes; and (2.4) nanostructures in Li-S batteries.
Si-based anodes
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Ruiyong Chen is currently a Habilitand at Saarland University, Saarbrücken, Germany. He received his Ph.D. degree (summa cum laude) ingraphite is the only commonly used active materials on anode side. However, graphite only allows one reversible Li + intercalation per six carbon atoms with a stoichiometry of LiC 6 , leading to a limited theoretical capacity of 372 mA h g À1 (or 975 mA h cm À3 ). In order to increase the energy density to 250 W h kg cell
À1
and reduce the cost below $125 kW h À1 , several elements in Table 1 have been examined and proved feasible to react with lithium in conventional organic electrolytes, according to alloy/ de-alloy mechanism (Li 3.75 Si, Li 3.75 Ge, and Li 4.25 Sn as nal products for Si, Ge and Sn, respectively). 27 Considering the high capacity, abundant resource, low cost and non-toxicity, Si has received most attention in recent years. Owing to the formation of intermetallic Li-Si binary alloy (from Li 12 Si 7 , Li 7 Si 3 to Li 13 Si 4 ), Si can deliver almost the highest gravimetric and volumetric capacity among all anode candidates with a discharging potential of only 0.2 V vs. Li + /Li. 27 Unfortunately, a large volume change up to 380% accompanying the alloy formation during cycling can lead to rapid and severely deterioration of electrode (such as cracks and pulverization). As a result, active materials lose contact with the current collector aer a few cycles. Moreover, the signicant volume change also breaks down SEI layers, exposing fresh Si surface to the electrolytes again. Continuous formation of new SEI layer consumes electrolytes and causes increase in polarization, which becomes another main issue for Si anode failure.
28,29
Reducing Si particles into nanoscale, the large stress and strains associated with the volume change can be accommodated by the available voids, which can deliver superior electrochemical performance over the bulk counterparts. Early study has shown that a mixture of nanoscale (78 nm) Si powder and carbon black can exhibit a reversible capacity of 1700 mA h g À1 . 30 Further work indicated a high reversible capacity of 3380 mA h g À1 and 81% capacity retention aer 40 cycles when the particle size was further reduced to 10 nm (Fig. 1a) . 31 A 250 nmthick Si lm demonstrated a reversible capacity of 3800 mA h g À1 for 29 cycles with a fade of 0.09% per cycle at a C/2.5 rate.
32
However, such structures tend to undergo pulverization during cycling, and to lose contact with current collector. Delamination and Si isolation can be clearly observed on cycled Si lm anodes (Fig. 1b) .
33
Si nanowires/nanotubes as anode have some advantages. Firstly, the small geometry allows better accommodation of the volume changes ( Fig. 1c and d) . 34 Secondly, a direct contact between each wire/tube and current collector enables efficient charge transportation. Thirdly, the diffusion distance of Li + is reduced. Nanowires, grown directly on stainless steel current collectors using the vapor-liquid-solid or vapor liquid template-free methods, demonstrated a high capacity of 4277 mA h g À1 during the rst charge. It also showed good rate performance (2100 mA h g À1 at 1C) and good cyclability (3500 mA h g À1 for 20 cycles at C/5). Si nanotubes delivered 2600 mA h g À1 and 2100 mA h g À1 at C/20 and C/5 rate over 50 cycles, respectively. 35 Furthermore, anisotropic expansion (smaller axial expansion, but larger radial expansion) was observed for Si nanotubes.
Embedding Si in a matrix that can buffer the volume expansion has been widely explored. 36 Chan et al. 37 uses the pyrolysis of sugar to coat carbon on Si nanowires. With additional carbon nanotubes as additive, the anode can remain a capacity of 1500 mA h g À1 over 75 cycles whereas the uncoated Si nanowires faded rapidly to 151 mA h g À1 . Similarly, carbon coating has been utilized to stabilize the Si nanotubes/ electrolyte interface and to promote formation of stable SEI.
38
A reversible capacity of 3200 mA h g À1 and 89% capacity retention aer 200 cycles at 1C was obtained in a full cell, using a LiCoO 2 cathode. A rigid but ion-permeable SiO 2 , coated on the outer surface of Si nanotube (Fig. 2a) , 39 acts as a mechanical constraining layer to prevent the volume expansion, and thus can build up a thin and stable SEI layer. Such material demonstrated 88% capacity retention aer 6000 cycles. Alternative to two-dimensional (2D) nanomaterials, mesoporous Si and other nanostructured Si, which can be produced in large scale and quantity, have emerged to address the issues of volume expansion. Yushin et al. 40 used a hierarchical bottom-up approach to assemble Si spheres less than 30 nm on annealed carbon black substrates (Fig. 2b) . Reversible capacity (1590 mA h g À1 ) of ve times higher than that of the graphite anode and stable cycling were observed. Interconnected Si hollow nanospheres, capable of accommodating large strain without pulverization, delivered a high initial discharge capacity of 2725 mA h g À1 and maintained 1420 mA h g À1 even aer 700 cycles. 41 Ma et al. 42 reported nest- like Si nanospheres, prepared by a solvothermal method, with a rst charge capacity of 3952 mA h g À1 and a fast capacity loss (only 36% capacity retention aer 50 cycles at C/2). 3D porous bulk Si particles with a 40 nm thin pore wall to accommodate large strains can maintain a discharge capacity of 2800 mA h g À1 at 1C even aer 1000 cycles. 43 Monodisperse hollow porous Si nanoparticles (ca. 120 nm), 44 formed by a template method and magnesiothermic reduction followed by Ag coating, showed a high specic capacity (3762 mA h g À1 ), long life time (99% retention aer 99 cycles) and good rate performance (2000 mA h g À1 at 4 A g À1 ). Well-designed mesoporous Si with tunable porosity also exhibited a reversible capacity of 2111 mA h g À1 at C/5 and a promising stability over 50 cycles. 45 Al/TiO 2 yolk-shell nanoparticles with adjustable interspace were made recently by a one-pot synthesis route, 46 which demonstrated signicant improvement in capacity (1200 mA h g À1 ) and cycle life (average CE of $99.2% over 500 cycles at 1C, and 661 mA h g À1 remained aer 500 cycles at 10C (Fig. 2c) cycles even at 1 A g À1 .
Since the discovery in 1991, 55 single wall carbon nanotubes (SWCNTs) and multiple wall carbon nanotubes (MWCNTs) have been extensively investigated as both active anode materials and as additives. Ab initio studies showed such nanotube systems could substantially improve the capacity by utilizing both nanotube exteriors and interiors. 56 Insertion and extraction Nucleation of the second phase and growth through interface motion during this process severely limited the rate capability of such materials. Ceder et al. 69 discovered that ultrahigh discharge rate comparable to those of supercapacitors can be achieved when the LiFePO 4 particle size was reduced to around 50 nm (Fig. 4a) . Further study proved that a nonequilibrium solid solution phase 70 that span the entire composition between two thermodynamic phases 71 can be formed in nanoparticulate LiFePO 4 at high rates ( Fig. 4b and c) . 72 Similar phenomenon was also observed in nanosized Na x FePO 4 and a high rate Na insertion/desertion could be achieved. Another example that illustrates the benets of nanostructured materials is the full concentration gradient (FCG) layered metal oxide (Fig. 5c) . 75 Although Ni-rich layered lithium transition metal oxides have high specic capacity and relatively low cost, they suffer severely from poor thermal stability at fully charged state and insufficient cycle life. Using a nanofunctional full-gradient approach, high energy density of the Ni-rich core and the high thermal stability and long life of the Mn-rich outer layers can be harnessed. High rate performance could also be realized from aligned needle-like nanosized primary particles. 75 A full cell with an energy density of 350 W h kg À1 and excellent capacity retention for 500 cycles at 1C has been demonstrated accordingly (Fig. 5d) . 76 1D nanowire LTLiCoO 2 based on SBA-15 and highly ordered spinel LiNi 0.5 -Mn 1.5 O 2 array also showed superior electrochemical performance compared with bulk materials. 
Nanostructures in Li-S batteries
The maximum energy that can be stored and delivered in current LIB cathodes (such as layered oxides, polyanionic and spinel materials) is still too low to meet some demands like transportation applications. 79 In contrast, Li-S batteries (S + 2Li + + 2e À / Li 2 S) can deliver a theoretical energy density of 2567 W h kg À1 or 2199 W h L À1 , 80 making Li-S promising for future battery systems. However, its large scale application is impeded by three main challenges: (1) sluggish kinetics ascribed to the insulating nature of S and its lithiated products Li 2 S x ; (2) collapse in electrode structure due to large volume change during lithiation; and (3) a shuttle effect and rapid capacity fade due to dissolution of intermediates in the electrolyte (Fig. 6a) . 81 Such challenges can be tackled by rational design of nanostructures with interconnected electron pathways and ion diffusion channels.
The rst category of nanostructured sulfur cathodes lies in carbon materials and sulfur nanoparticles. It has been reported that sulfur nanoparticles encapsulated in nanoporous carbon matrix with ultrahigh sulfur loading (88.9 wt%) exhibited a high overall discharge capacity of 649.4 mA h g À1 . 82 The porous structure enabled higher capacity retention (84.6%) and CE (97.4%) aer 50 cycles at C/10, attributed to the resulting electronic and ionic transfer channel. Sulfur content was further increased to 90% in a composite with nanoscale distribution of S in 3D porous graphitic carbon. This material has a high specic capacity (1382, 1242 and 1115 mA h g À1 at 0.5, 1 and 2C, respectively), long cycling life (capacity decay of 0.039% per cycle over 1000 cycles at 2C), and excellent rate capability.
83
Carbon nanotubes, 84 carbon nanobers 85 and hollow spheres 44 also have demonstrated superior electrochemical performance with high specic capacity, excellent cycling stability and rate capability. To strengthen the interaction between nonpolar carbon and polar sulfur cluster and polysuldes, Cui et al. modied the hollow carbon nanotube surface with amphiphilic polymers, 86 which allowed lithium suldes to bind strongly with the carbon surface and resulted in less than 3% decay over the rst 100 cycles at C/2. The capacity retention was >80% for more than 300 cycles with CE $ 99%. Carbon surface can be functionalized via elemental doping to create chemical anchoring sites. Nitrogen-doping on mesoporous carbon nanospheres and carbon nanotubes endowed electrondonating ability. 87 The as-obtained composite delivered a high initial specic capacity (1480 mA h g À1 ) and excellent cycling stability (90% retention over 200 cycles aer activation) with 70 wt% sulfur and 5 mg cm À2 areal loading. Other doping elements (such as S, B, O and P) have also been extensively explored for Li-S batteries. Graphene nanosheets with heteroatom doping built strong bound interface with sulfur and polysulde to optimize the electrochemical performance. A high initial discharge capacity of 1302 mA h g À1 and retained discharge capacity of 978 mA h g À1 aer 200 cycles at C/10 were obtained in a recent work.
88
To further increase the anchoring ability of host materials, nanostructured polar inorganic materials such as metal oxides and suldes have been investigated. Stronger adsorption of host materials towards polysuldes renders higher sulfur utilization and longer life span. In an early work, 89 mesoporous silica SBA-15 (ref. 90 ) was used as a reservoir for S/C nanocomposite. The initial discharge capacity of the cell was 960 mA h g À1 and a capacity of about 650 mA h g À1 was maintained aer 40 cycles.
The sulfur content in the electrolyte was reduced from 54% to 23% with the presence of SiO 2 . In another work, 91 a bifunctional MnO 2 shell with 50 nm thick MnO 2 shell coated on sulfur particles provided physical connement and chemical interaction and demonstrated excellent efficiency in trapping the polysuldes even with 85% sulfur loading. In addition, stable Li-S cycling performance has been achieved by directly crystallizing nanoshells of MnO 2 on micrometer-sized sublimed sulfur with 480 mA h g À1 aer 800 cycles and only 0.048% capacity fade per cycle. Due to their intrinsic low electronic conductivity, conductive scaffold is oen combined to create a robust electrode. Hollow carbon bers (HCF) lled with intrinsic insulating MnO 2 nanosheets was recently reported by Lou et al.
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With 71 wt% and 3.5 mg cm À2 of sulfur, the MnO 2 @HCF/S composite electrode delivered a specic capacity of 1161 mA h g À1 or 4.1 mA h cm À2 at C/20 and maintained stable cycling performance at C/2 over 300 cycles. Attributed to its good electronic conductivity as well as the polar surface, titanium oxides have also been applied extensively in Li-S batteries. For example, the soluble lithium polysuldes are preferentially absorbed within the pores of the nanoporous titania at intermediate discharge/charge. The addition of TiO 2 with a 5 nm pore diameter enabled 37% improvement in capacity retention aer 100 cycles. 93 Using a yolk-shell architecture with internal void space to accommodate the volume expansion of sulfur ( Fig. 6b) 
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Given the conductive nature of metal chalcogenides and stronger sulphilic property of these sulfur containing species, metal suldes offer more benets and constitute another promising family as host materials for Li-S batteries. Using 2D conductive TiS 2 to encapsulate Li 2 S core particles in a 20 nm thick shell (Fig. 6d) , 99 a high specic capacity of 503 mA h g À1 under 4C as well as high areal capacity of 3 mA h cm À2 was obtained. A thinner shell would have a faster fade rate due to its insufficient thickness to protect the core, while a thicker shell hindered rate performance. To further increase sulfur loading, S 8 was infused into nanoporous TiS 2 foams. 100 The hybrid cathodes demonstrated high areal specic capacity (9 mA h cm À2 ) and capacity retention, even with $40 mg cm À2 and high current density (10 mA cm À2 ). Another highly conductive Co 9 S 8 could form an interconnected graphene-like nano-architecture, 101 where the 3D interconnected structure with hierarchical porosity not only manifested enhancement in the cycling stability (fade 0.045% per cycle over 1500 cycles at C/2) compared to standard porous carbons but also realized a high-loading sulfur electrode (up to 75 wt% sulfur and 4.5 mg cm À2 ). Another host material is CoS 2 . When incorporated into carbon/sulfur cathodes, a slow capacity decay of 0.034% per cycle at 2C and a high initial capacity of 1368 mA h g À1 at C/2 were achieved. 
Nanostructured coatings for advanced electrodes
Many electrode materials of LIBs encounter critical issues including: huge volume expansion, low ionic/electronic conductivities, and/or side reactions with electrolytes etc. Surface modication of electrode materials by employing a thin nanoscale layer has proved effective way for improving the electrochemical performance of LIBs.
106 Different types of nanoscale coatings depending on the nature of electrodes have been developed, such as carbon based materials, oxides, uo-ride, phosphates, and other ionic and electronic conductive species.
107 Associated with these benets of the coating chemistries, the structure design for effectively combining the advantages of the coatings and active materials, such as coreshell 108 and hollow shell, 109 has been also performed to engender much improvement of the LIB electrodes. This section reviews the recent progress in nanostructured coatings for developing high-performance LIB components, including metallic anodes, metal oxide anodes, Li-rich layered oxide cathodes, high-voltage spinel cathodes, and sulfur based cathodes. Great interests have been put in multifunctional capabilities and unique characteristics of the surface modications for advanced LIB techniques.
Thin lms on metallic Li and Li-alloy-based anodes
Extensive research has been focused on battery chemistries with metallic anodes (Li, Si, Ge, Sn, etc.) mainly due to their high specic capacities. For Li metal, it is an attractive anode material, possessing a high theoretical specic capacity (3860 mA h g À1 ), low density (0.534 g cm À3 ), and the lowest electrochemical 114 Both graphene and h-BN were summarized with the following attractive properties: (1) they are known to be chemically inert and stable against most chemicals including Li metal; (2) their single atomic layers have very strong mechanical strength, resulted from strong interlayer bonding; (3) no chemical species can diffuse through the layers and Li metal cannot move through the ring pore, either; and (4) despite the large in-plane strength, 1-10 layers of graphene and h-BN are highly exible due to their ultrathin thickness (<10 nm).
Liu et al. 114 reported a new strategy to address the issue of dendrite growth of metallic Li by a polyimide-coating layer with vertical nanoscale channels of high aspect ratio. The nanosized channels with high aspect ratio were able to divide the space above the anode into small connements. Thus, Li + could prefer to move along the normal direction of the electrode rather than the parallel direction. The magnitude of Li + ux in each nanochannel could be relatively homogeneous during Li deposition, resulting in a uniform nucleation and growth, and the Li deposit could not grow into elongated metal laments. Meanwhile, the volumetric expansion of the Li deposition could be also partially negated within the volume of the pores due to the xed thickness of the coating. More importantly, the porous polymer membrane contacted with the current collector tightly, which avoided the possibility of its li up by the deposition of Li metal. Their results showed that the cells with modied electrodes exhibited signicantly improved CE of 97.6% over 240 cycles, 92.9% over 150 cycles, and 88.6% over 140 cycles, respectively, at current densities of 1, 2, and 3 mA cm À2 . In sharp contrast, the cells using bare electrode showed rapid decay aer 125, 75, and 50 cycles, respectively. Subsequently, they reported a nanoporous, exible, and electrochemically stable coating of silica@poly(methyl methacrylate) (SiO 2 @-PMMA) core-shell nanospheres as a stable layer on Li metal anode. 115 The cell with bare Cu electrode showed a gradual decrease in CE, which eventually decayed to 68% and 56% aer 50 cycles at 0.5 and 1 mA cm À2 , respectively. For the Cu electrode coated with SiO 2 @PMMA nanospheres of 450@20, 550@10, and 550@20 nm, the CE aer 50 cycles was about 87%, 83%, and 81% at 0.5 mA cm
À2
, respectively. When tested at a higher current density of 1 mA cm À2 , a CE of 90% aer 50 cycles was achieved for the modied electrode with 550@10 nm nanosphere coating. It was well illustrated that the core-shell structure produced a synergistic effect between the core and shell to prevent Li dendrite growth. Compared to bare electrode, dendritic Li with large specic surface area could continuously decompose the electrolyte, resulting in low CE and short cycle life (Fig. 7a ). However, the details of these reactions at the atomic scale have not yet been understood. Liu et al. 123 encapsulated Si anode materials with conductive polymer that had the elastic advantage during the charge and discharge process of Si anode. Meanwhile, conductive additives were not needed for the modied Si anode because of good conductive pathway to all the Si particles provided by the conductive polymer. This is an efficient way to enhance the loading of Si and increase the energy density. Combined with the high theoretical capacity of Si core (4200 mA h g À1 ), Chang et al. 124 deposited multilayered reduced graphene oxide (RGO) with Si nanoparticles in between each layer, intending to suppress the issue of volume expansion. The RGO layers closest to each Si nanoparticle could allow enough space for the Si nanoparticle to expand during the lithiation process. The RGO layers away from each Si nanoparticle could provide mechanical stability due to the formation of 2D networks of graphite based on van de Waals forces. Moreover, the RGO layers possessed high electrical conductivity favoring the connection of each isolated Si nanoparticle.
For TiN in particular, its high electrical conductivity (resistivity of 25 mU cm) is one of its most important attributes. Nanoscale TiN coating was deposited on Si NWs by ALD, and to a lesser extent by magnetron sputtering. A 5 nm thick TiN coating resulted in optimum cycling capacity retention (55% vs. 30% for the bare Si NWs, aer 100 cycles) and CE (98% vs. 95%, at 50 cycles), also enhanced rate capacity retention (e.g. 740 mA h g À1 vs. 330 mA h g À1 , at 5C). The results indicated that the thin TiN coating signicantly improved the cycling performance of Si NWs anode. Moreover, they employed a variety of advanced analytical techniques such as electron energy loss spectroscopy to elucidate the origin of these effects. The conformal 5 nm TiN remained sufficiently intact to limit the SEI growth, which in turn both improved the overall CE and reduced the life-ending delamination of the nanowire assemblies from the underlying current collector.
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To improve the electronic conduction properties of nanostructured Si anode, one way is to use metallic coatings. 126 A metallic Cu coating partially deposited on the Si NWs was reported by McDowell et al. 127 The Cu coating is only deposited on one side of the Si NWs for remaining transport pathways of Li + . It was observed that the width and length of the Cu-coated Si NWs almost unchanged during lithiation. Hence, the Cu coating not only provides high electrical conductivity in the composites, but also maintains structural integrity. Jeong et al. 128 encapsulated Si nanoparticles with TiO 2Àx /C nanocomposite to form core-shell structured Si nanoparticles@TiO 2Àx /C (SiNPs@T/C) mesoporous microber composite by an electrospinning method. The cycling performance and rate capability of the SiNPs@T/C were exhibited in Fig. 8a and b. For comparison, the simply mixed Si-TiO 2 -C electrode in the same weight ratio with the SiNPs@T/C electrode (the Si content in the SiNPs@T/C was $43%) was also tested. When cycled at C/5 and 1C, the SiNPs@T/C displayed excellent cycling performance with almost the same capacity retention (i.e. 90% of the initial capacity aer 50 cycles). The SiNPs@T/C also exhibited outstanding rate capability, where a high capacity of 939 mA h g À1 was observed even at 12C (12 A g À1 ), which is 89% of the initial capacity at C/5. The SEM images of the SiNPs@T/C particle and the cross section of the SiNPs@T/C electrode aer 50 cycles were shown in Fig. 8c -e. Signicant collapse of the brous core-shell structure cannot be observed even aer 50 cycles. Also, the volume expansion aer the 50th discharge was still $53%, which was almost the same as the value aer the rst discharge step. The improved electrochemical properties were mainly ascribed to the structure reserving void space therein, as well as oxygen de-cient TiO 2Àx and carbon providing an enhanced electrical pathway. Similarly, the double shells (i.e. carbon inner shell and TiO 2 outer shell) were deposited on Si anodes, avoiding the direct contact of Si with electrolyte. With this architecture, the advantages of core-shell-shell nanostructures lay in the presence of the internal mesoporous space and the mechanically robust TiO 2 layer. The elaborate double-shell Si nanoparticles were proven to show excellent Li-storage properties. It delivered high reversible capacity of 1726 mA h g À1 over 100
cycles, with outstanding cyclability of 1010 mA h g À1 at 0.42 A g À1 and high CE of >98% aer 710 cycles. 129 The carbon inner shell was considered to improve overall conductivity of the Sibased electrode and the TiO 2 outer shell served as a rigid layer to achieve high structural integrity of the double-shell structure. 
Thin lms on metal oxide anodes
Metal oxides used as anode materials for LIBs have received extensive attention due to their higher theoretic specic capacities than graphite and relatively smaller volume change than metal anodes. Unfortunately, they usually suffer from a severe capacity fade and poor cycling performance caused by volume expansion or the risk of secondary reactions during cycling. The widely used strategy is to coat the anodes with carbon nanomaterials 130, 131 that could accommodate the volume change based on their elastic features and increase the electronic conductivity of the anode materials, resulting in a better capacity retention and cyclic performance. For example, it was found that polymerization of pyrrole monomers lead to the simultaneous oxidation of Fe 2 O 3 and polypyrrole (PPy) coating process, resulting in the successful formation of hierarchical nanocages of Fe 3 O 4 @PPy. By using as-prepared hierarchical Fe 3 O 4 @PPy nanocages as the anode, they exhibited excellent electrochemical performances, such as improved large reversible capacity, rate capability, and long-term cycling stability.
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Similarly, the synthesized Mn 3 O 4 samples with a tetragonal structure (space group I4 1 /amd) displayed nanorodlike morphology, with a width of 200-300 nm and a thickness of 15-20 nm. The carbon layers with a thickness of 5 nm could be homogeneously coated on the Mn 3 O 4 nanorods, and the Mn 3 O 4 @C samples displayed enhanced capacity retention on cycling. Even aer 50 cycles, the products remained stable capacity of 473 mA h g À1 , which was as much three times as that of pure Mn 3 O 4 samples. 133 Besides carbon, surface modication with oxides, solid electrolytes and other compounds has been also proved to be effective for improving the electrochemical performance of metal oxide anodes. SnO 2 anode, possessing a high theoretical capacity of 782 mA h g À1 , however, has a large volume expansion of $300%, which would result in pulverization and deterioration of the active materials during cycling. Recently, Zhu et al. 134 reported hierarchically porous TiO 2 nanotube@SnO 2 nanoake core/ branch arrays as the LIB electrode, which were synthesized with the ALD process and sacricial Co 2 (OH) 2 CO 3 nanorod template. The hydrothermally grown SnO 2 were intimately connected with the vertical-standing TiO 2 nanotubes, resembling a forest on the nanoscale (Fig. 9) 
139
Of particular interest, Xu et al. 140 employed a sulfur-assisted decomposition process to create agglomerates of large (200-500 nm) yet highly nanoporous 3D MoO 2 single crystals partially covered with a few atomic layers of MoS 2 ("MoS 2 /MoO 2 nanonetworks"). As a highly reactive species toward Mo, S would disrupt the orderly growth of largely and fully dense MoO 2 crystallites, rather promote highly porous nanostructures. Meanwhile, MoS 2 was also a highly active electrode materials, which meant that the formation of any secondary sulde phase would also contribute to the overall capacity. At 100 mA g À1 , the MoS 2 /MoO 2 nanonetworks exhibited a reversible discharge specic capacity of 1233 mA h g À1 , with only 5% degradation aer 80 cycles. Moreover, at fast discharging rates of 0.2 and 0.5 A g À1 , the capacities were 1158 and 826 mA h g À1 , respectively.
In addition, solid electrolytes have been also used as protective coatings for metal oxide anodes. Lithium phosphorus oxynitride (LiPON) as a nanocladding layer was successfully coated on a 3D MWCNT@RuO 2 electrode by means of ALD. The 17 nm ALD LiPON layer minimized parasitic SEI formation, provided facile ion transport through the LiPON solid electrolyte, and constrained electrode nanostructure. Without LiPON protection, the MWCNT@RuO 2 electrode lost capacity with cycling, retaining only 55% of the second discharge capacity aer 20 cycles. In striking contrast, the MWCNT@RuO 2 @LiPON retained >95% of the second cycle capacity aer 50 cycles. Such favorable capacity retention is unusual for a conversion Instead of classic physical-adsorption/deposition techniques, Guo et al. 155 proposed a novel chemical-adsorption strategy to synthesize double-shell modied Li-rich layered cathodes with enhanced mass transfer kinetics. Based on experimental measurement and rst-principles calculation, MoO 2 S 2 ions were proved to join the layered phase via chemical bonding. Specically, the Mo-O or Mo-S bonds could exibly rotate to bond with the cations in the layered phase, leading to the good compatibility between the thiomolybdate adsorption layer and layered cathode. The double-shell modied sample delivered an enhanced discharge capacity almost twice as much as that of the unmodied one at 1 A g À1 aer 100 cycles, demonstrating the superiority of the surface modication based on chemical adsorption.
155
The surface nitridation was introduced into a Li-rich layered oxide Li ( 156 Therefore, the surface nitridation was an effective way to improve the electrochemical performance of the electroactive materials for LIBs. The same strategy adapted in this work could be helpful to explore and develop desired cathode materials for new generation LIBs.
Wu et al. 157 proposed a biomimetic design and versatile synthesis strategy of ultrathin spinel membrane-encapsulated layered Li-rich cathode material. A polymer dispersant (polyvinylpyrrolidone) was initially dispersed on the pristine layered Li-rich materials Li 1.2 Mn 0.6 Ni 0.2 O 2 to assist the subsequent homogeneous decoration of the manganese salt. Eventually, spinel Li 1+x Mn 2 O 4 membrane could be yielded on the surface aer heat treatment, due to the ion diffusion from the bulk. Therefore, surface modication with an ultrathin nanolayer of spinel Li 1+x Mn 2 O 4 as a "membrane" encapsulating on a layered Li-rich cathode were explored as shown in Fig. 10a . TEM image of the ultrathin spinel membrane encapsulated-layered Li-rich cathode (Fig. 10b) showed the existence of a homogeneously ultrathin layer. As shown in Fig. 10c , the pristine sample showed a poor rate capability, a dramatic capacity drop with the increasing of C-rate, and nearly no capacity was obtained at a 10C rate. Li-rich layered cores. Thus, the LSC material comprised a core of Li-rich layered oxide (R 3m), a spinel phase (Fd 3m) interlayer and a carbon nanocoating (Fig. 11) . The rate capability was galvanostatically investigated to 4.8 V from 0.2 to 20C. When discharged at 2C, the LSC sample delivered a higher discharge capacity of 273.2 mA h g À1 , whereas the pristine sample showed a lower capacity of 187 mA h g
À1
. By increasing the discharge rate to 10C, more surprisingly, the LSC sample exhibited a discharge capacity of 234 mA h g À1 , which was approximate 3.2 times that of the pristine sample. Even for ultra-high discharge rates of 20C, nearly no discharge capacity was observed for the pristine sample, while the LSC sample achieved a reversible discharge capacity of more than 120 mA h g À1 . They illustrated that the unique structure of the LSC cathode materials combined the advantages of the high capacity Li-rich layered structure, 3D fast Li + diffusion channels of the spinel structure, and the high conductivity of the carbon coating. Chen et al. 159 proposed and constructed a spinel-structure skin and ferric oxide islands on the surface of layered Li-rich cathode materials through a facile wet chemical method. The modied sample displayed a high discharge capacity of 166 mA h g À1 at 1.25 A g À1 , and more stable capacity retention of 84.0% aer 50 cycles at C/10, in contrast to 60.6% for pristine material. Their surface modication strategy, combining with the advantages of spinel structure and chemically inert ferric oxide nanoparticles, realized the layered Li-rich cathodes with surface construction of fast ion diffusing capability as well as robust electrolyte corroding durability. This design is able to modify the subsurface structure and surface environment of layered lithium-metal oxides particles, simultaneously. 165 have indicated the improvement over the electrochemical performance of the cathode materials. Unfortunately, the high-voltage spinels still undergo poor rate performances, large capacity fade, or discharge voltage decay because of low conductivity or stability issue of these oxide materials. Efficient route needs be designed to further enhance their cyclic properties for practical applications of the high-voltage spinel materials in LIBs.
Surface modication for high voltage spinel cathodes
Recently, Gao et al. 166 explored conductive PPy-coated LiNi 0.5 Mn 1.5 O 4 (LNMO) cathodes for LIBs, considering the electrical conductivity of PPy could reach a few tenths of S cm À1 .
They compared the cycling performances of bare LNMO and PPy-coated LNMO at 1C and 55 C (Fig. 12a and b) . The bare LNMO delivered a discharge capacity of 94.5 mA h g À1 and exhibited capacity retention of only 81.4% aer 100 cycles. While the LNMO-5 wt% PPy still retained a reversible capacity of 105.2 mA h g À1 , corresponding to a retention of 91% aer 100
cycles. The CEs of all the cells with PPy coating could reach 92% aer 5 cycles, while that for bare LNMO was only around 90%. They also demonstrated (Fig. 12c ) that a uniform PPy coating on the surface of the LNMO could not only act as an ion-conductive layer, but also suppress the decomposition of Mn and Ni at elevated temperatures. C, and 61.5% aer 100 cycles at 55 C, which were much better than those of the pristine materials (49.8% and 40.2%). They explained the effect of FeF 3 surface coating including: (1) preventing the dissolution of Mn ions; (2) suppressing the impedance increase in repeated cycling; and (3) improving thermal stability of electrode material. 167 Similarly, Wu et al. 
158
showed improved reversibility with capacity retention of 93.6% aer 50 cycles, which was much higher than that of the pristine material (77.6%). AlPO 4 -coated LNMO was prepared by a sol-gel method with citric acid. 169 The thickness of the coated layers of LNMO/AlPO 4 (1 wt%) was determined to be about 15 nm by AES with sputtering. It was found that the surface and charge-transfer resistances of the modied electrode (4.3 and 20.7 U) were much lower than those of the pristine sample (5.9 and 52.8 U), and the Li + diffusion rate of the modied electrode was also signi-cantly enhanced. As a result, AlPO 4 could be employed as a coating material to improve the thermal stability and electrochemical performance of LNMO cathodes. ) and 55 C. It could still deliver a high discharge capacity of over 110 mA h g À1 even at 5C.
Nanostructured lms on sulfur based cathodes
World-wide attention has been gained to sulfur and metal suldes as promising cathode materials for LIBs due to their high theoretical specic capacity (1672 mA h g À1 for S, and 1166 mA h g À1 for Li 2 S). However, there are two major disadvantages that limit practical applications of the S-based cathodes. One is associated with uncontrolled dissolution and loss of intermediate lithium polysulphide (Li 2 S n , n ¼ 4-8) species into the electrolyte, leading to fast capacity decay and low CE. The other one is the large volume change during charge-discharge process, leading to pulverization and inactivity of cathode materials and thus poor cycling life and rate capability. Typical strategy to address these challenges is to encapsulate S-based materials with electronically conductive carbon-based materials. [173] [174] [175] [176] Although such approaches have shown many progresses with improved electrochemical performance for the Sbased electrodes, electrochemical reversibility and rate capacity of the modied S-based materials are still unsatisfactory. It is considered that the nonpolar nature of carbon-based materials leads to weak interaction with polar S-containing species, 177 which greatly reduces their ability to bind and conne these species within the carbon-based shell during cycling. Therefore, there is an urgent need in new modication routes for S-based cathodes that can achieve both high conductivity and strong binding with S-based materials simultaneously.
Recently, Seh et al. 177 encapsulated Li 2 S cathodes by using 2D layered transition metal disulphides that possessed a combination of high conductivity and strong binding with Li 2 S/Li 2 S n species. Using TiS 2 with a thickness of $20 nm as an 
New materials and chemistry for Li-based batteries
Issues such as cost, safety and energy density should be addressed for conventional rechargeable LIBs when they are considered for electric vehicle and smart grid applications. New demonstration using low material cost, facile battery manufacture and exible cell design offers possibilities that are not easily accessible for traditional materials and setup. This section discusses the recent development in organic electrode materials, novel electrolyte chemistry (high voltage aqueous electrolytes, and dual-ion electrolytes), new electrodes and cell congurations (symmetric electrodes, and semi-solid ow suspension) for Li-based rechargeable batteries. LIBs use typically static transition metal-based inorganic solid state electrode materials and organic solvent-based electrolyte to achieve high operation voltage and broad electrochemical window, respectively. Affordable green energy storage technologies using alternative materials/electrolytes, versatile battery structure are desirable for practical applications. 
Organic active materials
Rechargeable batteries with organic electrode materials are promising in terms of resource availability, cost and sustainability. Physiochemical and electrochemical properties of organic compounds can be altered by modifying their structures. Comprehensive summaries of organic electrode materials for energy storage have been overviewed elsewhere.
181,182
Organic electrode materials can be classied as: organosulfur, radical and carbonyl compounds, polymers and layered materials etc. (Fig. 14a) has an initial capacity of about 422 mA h g À1 (Fig. 14b) , and can still deliver a capacity of about 380 mA h g À1 aer 100 cycles at C/5 using a gel polymer electrolyte. 184 Active organic material such as Li 4 C 6 O 6 containing C]O functionalities enables a multiple-electron transfer reaction in a symmetric cell Li 2 C 6 O 6 /Li 6 C 6 O 6 with a good cyclability of about 200 mA h g À1 (Fig. 14c) .
185
Recently, an all-organic rechargeable battery with aqueous electrolyte with a high charge cutoff voltage of 2.1 V has been reported. 186 An aqueous electrolyte containing lithium bis(triuoromethanesulfonyl)imide (LiTFSI) with a concentration of 21 molarity allows a high redox potential of polytriphenylamine cathode (Fig. 15a) , and a low negative potential of 1,4,5,8-naphthalenetetracarboxylic dianhydride-derived polyimide anode (Fig. 15b) , without causing unwanted oxygen evolution (between 0.9 and 1.1 V vs. SCE) and hydrogen evolution reactions. A full cell test from 0.05 to 2.1 V showed a discharge capacity of 105 mA h g À1 at 0.5 A g À1 , and 74 mA h g À1 at 10 A g À1 , respectively. Over 700 cycles, the full cell exhibits stable cycling and a CE of about 100%. The application of aqueous electrolyte for high voltage operation will be further discussed in the next section.
Application of traditional electrode materials in aqueous electrolytes
Conventionally, organic solvents are used for Li-ion batteries with broad electrochemical window and enable high-voltage electrodes. In contrast to the conventional organic carbonate electrolytes, recent efforts to develop high-voltage aqueous electrolytes open new opportunity for safe and low-cost operation. 187, 188 Concentrated aqueous electrolyte of LiTFSI enables an electrochemical window of about 3 V, and an aqueous LiMn 2 O 4 /Mo 6 S 8 cell to be operated at about 2 V with stable cycling performance (capacity retention 68% with 1000 cycles at 4.5C, 78% with 100 cycles at 0.15C) (Fig. 16a) . 187 At highly concentrated electrolytes, the onset of oxygen evolution reaction was shied to higher potential and the inner Helmholtz layer of the electrode is almost only covered by the TFSI À anions. 189 The hydrogen and oxygen evolution reactions are largely inhibited. In addition, aqueous electrolytes have high ionic conductivity. The mass transport limitations of organic electrolytes can be alleviated. Accordingly, thicker electrode fabrication and fast charging/discharging are expected. Gordon et al. has demonstrated a salt concentration-dependent lithiation potential of LiFePO 4 (Fig. 16b) , and a good cyclability of LiFePO 4 in saturated LiNO 3 aqueous solutions over 500 cycles (Fig. 16c) .
190
Higher salt concentration leads to higher lithiation potential and improved cycling stability. It also alleviated electrolyte depletion at high current densities. 
Dual-ion batteries
Graphite can act as a redox-amphoteric host for intercalating anions and cations, yielding acceptor-type and donor-type intercalated graphite, respectively. In contrast to conventional rocking-chair LIBs, wherein Li + ions are shuttled between the anode and cathode, the dual-ion batteries (also named as dualgraphite batteries, dual-carbon batteries) work through a simultaneous uptake of cations (for instance Li + ) and anions (for instance TFSI À ) from the electrolyte (for instance LiTFSI)
into graphite anode and graphite cathode during charge, and a reversible release of both ions into the electrolyte during discharge (as schematically shown in Fig. 17a) . 192, 193 In addition, dual-ion batteries are cost-effective and can be operated with higher voltage (for instance about 5 V) without safety issues. Over cycling, a continuous change in the salt concentration in electrolyte occurs, leading to a variation of ionic conductivity. The success of such dual-ion batteries relies on the anion intercalation chemistry and formation of stable SEI. 
195,196
Recently, organic intercalation materials to host anions have been demonstrated, 197, 198 which pave the way for developing new low cost Li-based organic rechargeable dual-ion batteries. Organic dilithium 2,5-(dianilino)terephthalate (Li 2 DAnT) shows reversible anion intercalation behavior (Fig. 18a) .
197 Different voltage plateau proles have been observed, depending on the type and size (ClO 4 À < PF 6 À < TFSI À ) of anions. The smallest ClO 4 À gives rise to the lowest voltage polarization, suggesting a lower level structural variation when accommodating smaller anion in the organic host. The electrochemical incorporation of ClO 4 À anions has also been demonstrated using a poroushoneycomb organic framework ( Fig. 18b and c) . 198 Fast ion transport and accordingly high rate capability can be achieved in such electrolyte-lled porous host structure. The capacity retention is about 60% by increasing the current density from 0.01 A g
high capacity retention of about 80% was observed over 7000 cycles.
Symmetric electrodes
Besides graphite, many other materials can also be used as both cathode and anode in a symmetric battery system, 199 relying on the fact that an identical electrode material can work at different potential ranges (Fig. 19a) . [200] [201] [202] Fig. 19b shows that for LiVPO 4 process, improved safety and ability of charging in both directions. Such batteries are expected to be able to tolerate large volume variation during (de)lithiation. Volume expansion from one side of the cell can be buffered from the volume shrinkage in the other side. Table 2 summarizes several electrode materials that can be used in symmetric rechargeable batteries.
202-208
Symmetric cells are well-suited for studying the cycling reactions between electrode materials and electrolyte, 209 and the degradation mechanism.
210 Symmetric electrodes have also been assembled and demonstrated in supercapacitors, 211 fuel cells, 212 and in redox ow batteries with the attempt to avoid cross-contamination of active species. [213] [214] [215] [216] 4.5 Semi-solid Li-ow batteries Although signicant advances in electrochemical energy storage devices, development of low-cost and high energy density system remains a challenge, especially for medium-and large-scale applications. Nowadays, many ow-assisted electrochemical systems based on different active materials are considered as an alternative route toward scalable and versatile energy storage. For such system, active electrolytes (soluble solutions or solid suspensions) are stored in two external individual tanks and circulated through the electrochemical cell to achieve a full redox reaction. 217 For the conventional redox ow batteries, the solubility of active species in both the catholyte and anolyte is normally less than 2 M, which limits the volumetric energy density (typically below 30 W h L À1 ).
218
In 2011, a new concept of semi-solid lithium ow battery was rst introduced by Chiang et al. 219 as a way to utilize owable intercalation materials as active suspension for enhanced energy storage (Fig. 20a) . A high energy density of 397 W h L À1 has been achieved for a semi-solid LiCoO 2 /Li 4 Ti 5 O 12 battery. Such system combines the advantages of both lithium-ion batteries with high energy-dense materials, and redox ow batteries with large design exibility. The electron transfer between the active suspension materials and the current collector occurs through the formation of a percolation network among the agglomerated active solid materials and conductive carbon additives. A high volumetric capacity of 550 A h L catholyte À1 (corresponding to 580 W h L catholyte+Li À1 ) has been achieved with high CE (>95%) for a redox ow battery with multiple redox couples of I 3 À /I À and S/S 2À .
220
For semi-solid Li-ow batteries, carbon additives are needed for facilitating the electron transfer between the current collector and active solid particles (typically with low electrical conductivity). High content of carbon is necessary to form a percolating conductive network, which however leads to increased viscosity of the suspension and high pressure drop through the ow eld. Reaction rate drops due to reduced bulk diffusion. The full utilization of active materials in this case cannot be realized. A redox targeting concept has been developed by Wang et al. 221, 222 to achieve carbon-free operation with statically stored active solid particles (Fig. 20b) . A redox shuttle molecule is added into the electrolyte to have electron transfer reaction on the current collector inside the cell, while having chemical (de)lithiation reaction of active solid materials in the external tank (Fig. 20c) . High solid content up to about 10 M can be used, whereas a diluted concentration of shuttle molecule of only several mM is sufficient in such system.
The concept of redox ow lithium batteries has been further expanded to the applications of redox ow Li-O 2 batteries, 223, 224 redox ow Li-S batteries. [225] [226] [227] [228] For the traditional Li-S batteries, the formation of soluble polysulde species leads to detrimental self-discharge. However, such attributes can be utilized in ow battery systems. The successful development of such new systems relies on the progress of selection and modica-tion of carbon-based electrode materials, 229 
Conclusions and perspective
Electrodes with the issues of low electron/ion conductivities, large structure variation, and poor interfacial stability with electrolytes during the charge-discharge process limit the practical application of LIBs. The signicant development of nanomaterials employed in both cathode and anode of LIBs to boost the performance has been discussed. By rationally controlling the nanoarchitectures of Si-based anode materials and using novel carbon-based anode materials, steady and high capacity over long-term cycling has been demonstrated. Nanoscale cathode materials with stable frameworks and fast Li + conductivities can be applied as protective surface layer to promote the cycling performance of other high-capacity cathode materials. With a concentration gradient of transition metals from the outer surface to inner bulk, high energy density lithium metal oxide-based cathode materials can reach a compromise between good thermal and interface stabilities, high capacity and high rate. To tackle with the sluggish kinetics and shuttle effects encountered in Li-S batteries, chemical binding and physical connement are effective strategies to assure electric contact and to inhibit dissolution loss of active species, respectively. Accordingly, durable and high capacity cathode materials can be achieved.
Parallel to the studies of electrodes themselves, intensive efforts have been also taken by applying a nanoscale coating through various strategies. Surface modications of the electrode materials make it possible to tolerate volume change and suppress side reactions. Further extensive investigations in surface modications are required: (1) a rational design of strong chemical bonding between bulk and coating; (2) a multifunctional coating (e.g. fabricated by layer/layer and hollow shell) is desirable to simultaneously meet requirements, including large capacity, good rate capability and cycling stability; (3) detailed fundamental investigations of surface coating mechanisms are still needed.
Efforts to develop new low-cost active electrode materials using multi-electron transfer organic compounds, safe systems with high-voltage aqueous electrolytes, versatile battery design including dual-ion conguration, symmetric electrodes, semisolid electrodes and exible operation with ow electrolytes may open new avenue for advanced energy storage technologies in the future. 
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